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We study the spin-dependent electronic structure of UTe and UT2Si2(T=Cu and Mn) compounds
with a combination of x-ray magnetic circular dichroism measurements and first principle calcula-
tions. By exploiting the presence of sizable quadrupolar and dipolar contributions to the U L2,3-edge
x-ray absorption cross section we are able to provide unique information on the extent of hybridiza-
tion between 5f and 6d/3d electronic states, a key parameter regulating the physical properties of all
actinide materials. Since this information is hardly accessible to other probes, the new methodology
opens up new venues for investigating this important class of materials.
The extent of f -state electronic hybridization with va-
lence/conduction band states is key in defining the phys-
ical properties of rare earths and actinide compounds.
In actinide elements [1–3] the large energy bandwidth
of 5f -states puts them in an intermediate scenario be-
tween the localized 4f states of rare-earths and the de-
localized 3d states of transition metals. For example,
the extent of 5f -6d hybridization is key to address some
still open questions on the itinerant electron behavior in
UTe [4] and UGe2 [5] and the recent interpretation of
hastatic order in the heavy-fermion compound URu2Si2
[6]. Although we focus here on magnetic properties[3],
the f -d hybridization also affects intriguing phenomena
such as oxidation states [7, 8], electronic structure[9, 10],
pressure induced changes[8, 11–14], and the character
of bonding[2], among others. A few resonant and non-
resonant high resolution x-ray spectroscopy techniques
[4, 7, 9–11, 15] have recently been proposed to study the
electronic structure of actinide compounds showing deci-
sive results in some cases. However, a method to directly
and selectively probe the electronic 5f, 6d states and their
hybridization has not been available yet, which, in turn,
is crucial for a comprehensive understanding of the un-
conventional mechanisms that regulate the physics of 5f
electrons in actinides. In addition to that, with the in-
trinsic dificulties handling actinide elements due to their
toxic and radioactive nature, theoretical work on actinide
compounds has been much more extensive than experi-
mental studies [2, 6, 16, 17]. Therefore the need for a
technique capable of directly probing the relevant elec-
tronic states, as well as testing theoretical predictions, is
abundantly clear.
It is well known that 5f states of actinides can be di-
rectly probed by x-ray absorption spectroscopy (XAS)
at M4,5 (3d→5f ) or N4,5 (4d→5f ) transitions allow-
ing determination of orbital and spin magnetic mo-
ment via x-ray magnetic circular dichroism (XMCD) sum
rules[18, 19]. But information on the 6d states is ab-
sent in these measurements. By using L2,3-edges XAS
spectra instead, which involves 2p→5d,6d and 2p→4f,5f
transitions in the dipolar and quadrupolar channels[13],
respectively, information on both 5f and 6d states (and
their hybridization) can in principle be obtained. How-
ever, experimental difficulties such as the inefficiency to
produce circular polarization and the relatively poor en-
ergy resolution available at the high energy range (17 to
21 keV) required for Uranium edges together with the
difficulties in handling radioactive elements at large user
facilities have thwarted efforts to perform careful L2,3
XMCD studies on Uranium or any other actinide com-
pound. Here we report on x-ray magnetic circular dichro-
ism in the high energy Uranium L2,3-edges for UTe and
UT2Si2 (T=Cu,Mn) compounds. We demonstrate the
use of this technique in combination with first principle
calculations to directly address the question of electronic
hybridization between 5f and 6d states. We find that an
analysis of the relative amplitudes of (sizable) quadrupo-
lar and dipolar contributions to the XMCD signal at U
L2,3-edges allows us to provide previously unavailable in-
formation on this key aspect of the electronic structure of
actinide materials. In addition, we use the element selec-
tivity of XMCD to show that Uranium sub-lattice carries
a induced magnetic moment above its ordering temper-
ature. The ability to directly probe experimentally the
5f -6d hybridization and test validity of theoretical modes
should guide efforts to understand the magnetic and elec-
tronic structures that govern a vast number of actinide
compounds with yet bewildering physical properties.
We have selected UTe as the reference compound to
benchmark the new methodology in part because ques-
tions remain on the degree of 5f states involvement in
its electronic properties. [22], Uranium L2,3-edge (17.166
keV and 20.95 keV) XMCD measurements on UTe are
presented in Figure 1, where at the L3 edge two negative
peaks (A and B) are evident . With the support of ab
initio simulations using the FDMNES code [20] shown
in Figure 1c, in which we consider a 3.0 eV core hole
broadening, we argue that one of the two contributions
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Figure 1. (color online) Uranium L2,3-edges XANES (a) and
XMCD (b) spectra measured for the UTe compound at tem-
perature of 10 K (well below the 104 K ferromagnetic or-
dering temperature) and applied field of 0.45 T. In (c) are
shown the corresponding ab initio simulations of UTe XMCD
spectra using the FDMNES code [20]. The features in the
experimental spectra are interpreted in view of dipolar (6d)
and quadrupolar (5f ) contributions as discussed in the text.
Lines are guides to the eye. These experiments were per-
formed at two synchrotron facilities (Advanced Photon Source
in Chicago/U.S.A. and Brazilian Synchrotron Light Labora-
tory in Campinas/Brazil) with completely independent sam-
ples grown in Germany and Brazil, respectively, as described
in the detailed materials and methods presented in supple-
mental materials[21]. This support our findings with equiva-
lent results from independent experiments and samples.
to the lowest energy XMCD peak (labeled A in the plot)
comes from the 5f orbitals through a pure quadrupolar
term in the absorption cross section. In addition to that,
a second contribution to the amplitude of peak A arises
from the sizable 5f -6d hybridizatuib probed through the
dipolar channel, as demonstrated in the theoretical spec-
trum of figure 1c. More details about the procedure to
perform these simulations are given in the supplemen-
tal material [21], as well as the supporting density of
states determined by LDA+U calculations. The large
5f -quadrupolar term at the L3 edge relies on the fact
that the x-ray photon wavelength (λ = 0.722 A˚ in this
case) is comparable to the size of the electron orbit [23].
In other words, the higher energy of the Uranium L-edges
(17 keV) enhances the quadrupolar contribution from
the transition Hamiltonian operator when compared to
lower energy L-edges of rare earths[13, 24] (5 to 10 keV).
The dipolar term which essentially probes the 6d orbitals
(mainly in peak B) is also present in the same L3-edge
spectrum making this an unique tool to directly probe
both 5f and 6d orbitals in the same experiment. On the
other hand, similarly to the rare earths, the quadrupo-
lar contribution is very weakly present at the L2-edge
XMCD due to the combination of how the spread en-
ergy levels and Hamiltonian matrix elements contribute
to the multiple scattering amplitudes in this case [23]
and a very strong spin-orbit coupling influence of Ura-
nium orbitals. This is verified by the experimental and
calculated XMCD spectrum at the U L2-edge (figure 1)
where the peak C is predominantly a contribution from
the dipolar term with the weak 5f quadrupolar term con-
tributing negatively to the total amplitude. Nevertheless,
we could still expect to see some indications of 5f -6d elec-
tronic hybridization at the L2-edge through the dipolar
channel similarly to the L3-edge.
Our findings of the large 5f and mixed 5f /6d con-
tribution at the L3-edge appears to be in contradiction
with the only other report of magnetic study on an ac-
tinide L-edge by Wermeille et al. [25]. They report on x-
ray resonant magnetic measurements of UPd2Si2 where
two peaks appear at the L3-edge, both assigned to dipo-
lar transitions. Their conclusion is based on polariza-
tion analysis and the Q-dependence of the scattered in-
tensities. Although we cannot directly compare results
on different compounds using different techniques, in
what follows we present results on UT2Si2 compounds
(T=Cu,Mn) with the same U-122 structure as UPd2Si2
where experiment and theory show clear evidence for
quadrupolar contributions in the XMCD spectra.
UCu2Si2 and UMn2Si2 are ferromagnetic (FM) com-
pounds, with ordering temperatures of TC =103 K and
377 K, of the the family of intermetallics UT2X2 (1:2:2)
with T = transition metal and X = Si or Ge [26, 27].
This family presents a wide variety of electronic and mag-
netic properties, often times argued to be due to the rela-
tionship between magnetism and the hybridization effects
amongst Uranium 5f states and 3d/4d/5d states[26, 28].
The methodology described above is the ideal method to
test the validity of proposed theoretical models for this
family of compounds. While much attention has been
given to UCu2Si2 [29–31], only a few studies on UMn2Si2
are reported so far [27, 32]. The UCu2Si2 compound is
reported to show dual itinerant/localized character of the
5f electrons being a strongly anisotropic ferromagnet and
exhibiting the Kondo effect[29, 30]. In this picture the
FM order comes from the part of the U 5f highly local-
ized electrons giving rise to the high TC value[31]. On the
other hand, UMn2Si2 orders ferromagnetically [27, 32]
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Figure 2. (Color online) Experimental Uranium L3 edge
XANES (a) and XMCD (b) measurements for UCu2Si2 and
UMn2Si2 performed at temperatures of 10 K and 300 K,
respectively. In (c) are shown the corresponding ab initio
simulations for both compounds.The difference observed on
XMCD experimental data for the ratio between the intensi-
ties of quadrupolar and dipolar intensities is very well repro-
duced on the simulated spectra and the explanation for this
behavior is discussed on the main text.
below 377 K for the Mn sublattice and below about 100
K for the U sublattice. . The electronic structure of this
series is characterized by the relative energy positions of
the d states of a given transition metal atom compared
with those of the uranium 5f states[26]. While in the
Mn-compound the 3d and 5f states are closer in energy
and the f-d hybridization is considered to be the largest
among the family of 1:2:2 silicates, in the Cu compound
the 3d and 5f states are most distant and therefore the
hybridization is almost negligible[26, 28].
Figure 2 shows experimental and theoretical
XANES/XMCD spectra of U-L3 edges for UCu2Si2
and UMn2Si2. A small difference in the integrated area
under the main XANES peak (so called white-line) is ob-
served between the two compounds. This indicates that
UCu2Si2 presents a larger number of unnoccupied states
above the Fermi level than UMn2Si2, which may be
an indication of the former being much less hybridized
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Figure 3. (Color online) First principle calculations of each
contribution to the XMCD spectra for the UCu2Si2 and
UMn2Si2 compounds. The quadrupolar contribution has op-
posite sign between the two compounds.
than the latter, in agreement with the theoretical
predictions[26, 33]. Similarly to the case of UTe, the
XMCD data for these two compounds, shown in Figure
2(b), present two well defined peaks. Using the model
proposed for UTe, the peak at higher energy would be
related to a dipolar (6d) contribution while the peak at
lower energy would be a measure of both quadrupolar
contribution (5f ) and its overlap with the dipolar
contribution due to 5f /6d hybridization. This scenario
is again supported by first principle calculations of the
XMCD spectra as shown on Figure 2(c) which reproduce
well the experimental features and differences between
the compounds. Interestingly enough, the amplitude
ratio between the two XMCD peaks is opposite for the
two compounds. As supported by the calculations of the
dipolar/quadrupolar contributions shown in Figure 3,
this difference between the two compounds is due to the
fact that the dipolar contribution is almost the same for
both compounds while the quadrupolar contribution has
opposite sign between the two materials. Altogether,
these results indicate that while the 5f and 6d moments
are parallel for UMn2Si2, the same moments are aligned
anti-parallel in the UCu2Si2. This is also consistent
with LDA+U simulations used to estimate the 5f / 6d
moments[21].
In addition to this orbital-selective probe of the spin-
dependent empty density of states using XMCD at the
U-L2,3 edges, it is also worth commenting on the element
selectivity of the technique to determine that the mag-
4netism of the Uranium for both compounds seem to have
comparable amplitudes. This is surprising considering
the lack of other examples of a magnetic moment on Ura-
nium at ambient temperature, as we observed here for the
UMn2Si2. Since a previous neutron scattering study [27]
shows ordering of the Uranium sublattice below 100 K,
the sizeable XMCD signal in the U at 300 K is induced by
f -d hybridization with the magnetically ordered Mn sub-
lattice. We would expect that at temperatures below 100
K the low energy peak of the L3 edge XMCD would in-
crease in amplitude even further due to the full magnetic
ordering of the uranium sublattice. This observation of
induced quadrupolar contribution is a quite unusual sce-
nario when compared to rare earths [34]. In 4f systems
an induced 5d moment would not lead to an induced 4f
moment since these orbitals would not strongly hybridize
considering the localized nature of the 4f orbitals. Here,
on the other hand, the 5f -6d hybridize strongly so an
induced 6d moment can also induce a 5f moment. This
is likely to be taking place as indicated by our theoretical
simulations.
In summary, we demonstrate that U L2,3 XMCD mea-
surements combined with first principle calculations pro-
vide a unique probe of both 5f and 6d orbitals, as well
as their hybridization, through dipolar and quadrupo-
lar contributions to the XMCD spectra. Since this hy-
bridization is key in determining the physical properties
of a vast number of actinide compounds this methodology
is bound to improve our understanding of these corre-
lated electron systems as well as provide an unique route
to test validity of theoretical models. It is noteworthy
that the methodology developed here, using penetrating
high-energy x-rays, can also be applied to study the evo-
lution of f -d hybridization under applied pressure pro-
viding an unique tool for tuning electron correlations for
discovery of novel phenomena. Finally, we showed pres-
ence of magnetic contributions in Uranium sub-lattice in
UMn2Si2 and UCu2Si2 compounds, with a clear mag-
netic signal from uranium atoms at room temperature in
UMn2Si2, a result of induced 6d and 5f moments due
to hybridization with the magnetically ordered Mn 3d
orbitals.
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